The Province of British Columbia forest tenure licensing practices require the replanting of tree seedlings in the place oflogged forest. Reforestation is presently done manually by individual tree planters. Currently there is a shortage of skilled tree planting labour in Western Canada. This shortage will be exacerbated as the millions of hectares of dead lodgepole pine forests in British Columbia's Central Interior continue to be harvested in the wake of the mountain pine beetle epidemic.
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INTRODUCTION
The government of British Columbia is presently under growing pressure to convert mountain pine beetle killed pine forests into usable products and increase the levels of seedlings transplanted. 1 The successful application of automated reforestation equipment could help to improve the carbon sink capacity of the British Columbia (BC) environment and increase the resource availability and profitability of the future forest industry in Western Canada.
The mountain pine beetle epidemic has created an area of dead pine forests in BC's Central Interior on a scale that warrants the further investigation and possible prototype testing of improved mechanized planting equipment. "By 2018 when the infestation is projected to have run its course, over 78 per cent of the mature pine will have been killed, affecting over one third of the total area of B.C. forests." 2 The BC Ministry of Forests and
Range is targeting an upswing in the ratio of "area reforested to area harvested or lost to fire and pests" of0.82, 0.89 and 0.94 over the provincial fiscal years ending 2009 through 2011
respectively. 3 The BC government has established the Pacific Carbon Trust, a Crown corporation which is beginning to purchase carbon offsets following the BC Ministry of Environment's Emission Offset Regulations for afforestation on land that has not been forested since December 31 , 1989. 4 There is a sufficiently large and long term market to support the development and commercialization of automated transplanting equipment and the provincial government is advocating increased reforestation level targets.
http://www.env.gov .bc.ca/soe/et07/pinebeetle.htm l (accessed Dec. 30, 2008) 3 BC Ministry of Forests, Service Plan 200812009 -2010 /2011 , BC Min. of For. and Range, (2008 4 Pacific Carbon Trust, "What are Offsets?", http://www .pacificcarbontrust.ca/Jiome/BCOffsetBCOffset/tabid/94/Default.aspx (accessed Apr. 14, 2009) To meet this demand the Canadian corporation Tim C. Van Horlick Forestry Inc. (the company) is in the process of developing an automated tree seedling planting machine. Van
Horlick has previously designed and manufactured a patented power operated soil mulching device that is fitted to the end of an excavator and intended for forestry use. 5 The device, although successful at improving the soil conditions for rapid and sustained growth, requires that manual tree planters place the seedlings in the mulched sites. As an extension to their core competencies in reforestation and site preparation, the company sees the need for an efficient automated planter with improved seedling survival and growth rates. The large volume of dead pine forests, increased harvest and replanting levels as well as the limited availability of reforestation labour within the province ofBC are conditions which support this view. The viability of the business case for the operation of automated reforestation equipment in BC's Central Interior will be assessed and presented. The results of this analysis will be considered in the development, design and operating criteria for the machinery.
The scope of the study is based on the application of the proposed equipment within the predominantly lodgepole pine forests ofBC' s Central Interior. Although it is envisioned that the machinery could operate outside of this geographic region and forest type, this study will focus on this operating envelop in order to limit variation in: ground topography, slash and stump obstacle size, forest management practices as well as manual tree planting costs and cut-block accessibility. The equipment will be required to operate in logged and cleared 5 T. C. Van Horlick, "Mulching Apparatus", Canadian Intellectual Property Office, Patent No. 2, 045, 417,  http: / /patents. ic.gc .ca/cipo/cpd/en/patent/2045417 /summary.htm l?query=%28%28 Van+ Horl ick%29+%3C IN% 3E+ INVENTOR%29&start= I &num=50 (accessed Dec. 30, 2008) forests on slopes of 33% (Millgren, Class 3 -Moderate 6 ) or less with site preparation similar to that undertaken for manual tree planting. The analysis for the application of any automated transplanting machinery outside of this geographic region and forest type can be undertaken by careful review of the variables assumed, adjustment where required and their re-application to the models employed.
The present approach to reforestation is in the form of manual tree planting crews.
These crews are coordinated by reforestation companies which secure contracts with logging operations through a bidding process. The planters are typically dispatched from a central location in a four-wheel drive, crew cab pick-up truck carrying a 5-6 person crew, manual planting implements and sufficient number of seedlings for a shift's planting. 7 In Western
Canada the seedlings are packed by the silviculturist predominantly in waxed corrugated cardboard boxes. 8 If correctly handled, these containers are considered suitable to maintain a sustainable environment over the duration of a typical shift. 9 The labour cost per seedling for manual planting will provide a benchmark for assessing the cumulative daily operating costs of automated methods. The amount paid per seedling planted manually is therefore strictly representative of a portion of the labour costs of operations. Reforestation companies will normally bid on contracts and include other expenses such as overhead and materials (seedlings) as well as profit when developing a total contract price proposal. These other operating costs are beyond the scope of this paper. In the case of manual or mechanized planting, a vehicle carrying either the planting crew or machine operator(s) along with the seedlings will need to access the site at the beginning of each shift. For mechanized planting the operator will likely need to carry diesel fuel to the site as well. Due to the light weight of seedlings, little in the way of increased savings or costs for higher or lower numbers of seedlings delivered can be envisioned between manual or mechanized planting. There will be no economies or costs associated with the scale of seedling delivery factored into this analysis. It will be shown that the number of seedlings required per shift for automated planting will be sufficiently similar to that of a manual crew to support this assumption. This is the extent to which the analysis will consider the costs of seedling to site delivery. The operating and maintenance costs of automated machinery to and at the site will however, be incorporated in mechanized operation expenses. These expenses for planting machinery are not normal to manual methods and therefore must be included in the comparative analysis. The logistics of vehicle access used to get manual planters or machine operators to and from the site along with a supply of seedlings; as well as the necessity for machine and fuel delivery for mechanized methods will be discussed.
The minimum number of persons required to be present on site in order to safely use forest machinery could have a bearing on the potential costs of automated reforestation.
Interpretation of current BC labour laws as set out in Occupational Health and Safety (OHS)
Regulation, Section 4.21 , defines a sole equipment operator as assigned "to work alone or in isolation." Requirements under this section are for employers to "develop and implement a written procedure for checking the well-being of a worker assigned to work alone or in isolation." 10 Presently the regulations do not specifically preclude an individual from operating mobile forestry equipment alone as long as this procedure and other safety requirements are met. In certain areas ofBC's Central Interior, cellular phone communication is available to meet these requirements. For areas outside cellular coverage, radio or satellite phones provide other viable options for checking on the well being of mechanized reforestation equipment operators working alone.
An automated conifer transplanting machine must necessarily compete with manual techniques in both the cost and quality of each seedling planted. This paper will define these characteristics for existing methods and future mechanization within the geographic, forest cut-block and terrain types cited. Rates of seedling growth in mechanically prepared sites are
discussed. An analysis of the company's proposed machinery to meet these costs and quality will be made. Estimates of the capital and operating expenses of the mechanized reforestation equipment proposed are developed. Finally, these will be compared to existing methods and the economics of the business case assessed. 
LITERATURE REVIEW
The review of relevant literature has aided in the investigation of five key topics:
1. the possibility of infringing on an existing patent by the development of new equipment;
2. machinery that has already been made for forest replanting as well as studies and conclusions on the productivity and quality of these automated planting systems;
3. the costs that manual reforestation contractors incur that others using mechanized methods would not;
4. manually planted seedling quality data and requirements;
5. whether mechanized site preparation can achieve higher growth rates.
Patent Search
The first known planting machine was designed in Nebraska in 1886. 11 A survey of Canadian Intellectual Property Office registered patents applicable to the keywords seedling planting and seedling transplanting yielded a total of 11 relevant patents. None of these patents cover the general concept of a transplanting machine and all relate to specific functions or mechanisms for achieving the desired result. Further searches with the keyword planting reveal many hundreds of patents on the subject although most relate to continuousfurrow seed planting devices for agriculture. It is considered beyond the scope of this paper to perform an exhaustive patent search; however it is important to note that due to the historical age of the concept of planting machines, much of the basic concepts and many of the mechanisms used will be in the public domain. Furthermore, none of the patents in either the seedling or planting search criteria revealed any restrictions on the general development of a mechanized seedling transplanting device.
Existing Machinery
Much is gained from an engineering and operations perspective from research into equipment previously developed for automated reforestation. which is an extensive review of international "Tree Planting Machines," Stjemberg makes several conclusions as to the preferred configuration of equipment for application in Canadian Boreal and Acadian forests. The conclusions relevant to equipment being designed in Canada are:
• good site preparation is key to good planting quality;
• planting machines should be designed for prime movers that are in common use;
• the machine should have the ability to plant at least two rows at a time;
• the equipment must provide for the safety and comfort of the operator;
• the equipment be competitive with hand planting;
• spot planting machines are preferable since a machine that makes a furrow is more likely to run into an obstacle.
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The forest types and terrains present in the review performed by Stjemberg are sufficiently similar to consider the results valid to pine forests ofBC's Central Interior. The author also
proposes that the most difficult site types pose greater challenges to automated methods and may be best left to manual planting. respectively. More importantly, the terrain for both sites is described as slightly undulating with gentle slopes. Each Swedish made Silva Nova planting machine required two experienced operators; a driver at the front of the forwarder and a planter at the rear to feed and adjust the planting equipment. The machine planted seedlings in two continuous furrows created by disc scarifiers (this is a similar mechanism to a disc trencher).
The authors felt that productivity should be able to achieve approximately 1500 seedlings per productive machine hour (PMH) at a utilization rate of 7 5%
17
• The relatively high productivity was in part due to the full-time presence of a factory technician qualified to diagnose and fix problems that arose with the equipment. The study contains a costing using FERIC's methodology for determining total ownership and operating costs. A cost per productive machine hour is developed by Cormier and Ryans of$279.37/hr based on their review. This relatively high rate is in part due to the large capital costs of the equipment, its complexity as well as the requirement for at least two operators.
18 Ideal planting quality attained was at best only 57% with the most common problem being excessively deep placement of the seedling.
19
More recently Stjernberg undertook a 2004 study titled "The Bracke Planter". This work (again for FERIC) "describes the planter, its productivity and suitability for use in Western Canada". The site chosen was in the interior ofBC, northwest ofKamloops in a mountain pine beetle clear-cut with slope conditions ranging up to 35%. 20 Tests were performed on the Swedish made unit mounted at the end of an excavator stick requiring a single machine operator. The apparatus consists of a "screefing" blade that is used to clear a spot micro-site and subsequently to create a soil mound. Planting is performed by a single planting tube that extends through the blade, a manually pre-loaded seedling magazine and tamping heel. In the tests conducted the operator had no previous experience with the planter head and averaged 95 seedlings/PMH and a machine utilization rate of 73 %. In the distribution of productive timing elements Stjemberg recorded the following :
• 52% for screefing
• 13% for planting
• 20% for moving the planting head and/or machine
• 7% for clearing debris
• 1% for removing stuck seedlings
• 7% for reloading the seedling magazine
It is expected that with further operator use these productivities could improve and the amount of screefing time reduced. A separate Swedish study of the Bracke referenced in Stjerberg's paper found that when transplanting at higher densities under more favourable soil and ground cover conditions, the equipment can attain 262 seedlings/PMH. This study also contains a detailed costing using FERIC's standard methodology for determining total ownership and operating costs. This published cost analysis is more detailed than Cormier and Ryans work on the Silva Nova (both by FERIC), but due to the number of years between the two and lack of detail available for the Silva Nova study, it is difficult to say if both approaches are identical therefore potentially affecting a comparison between the two. the planter.
.2
3 Quality was not formally assessed in the BC review although it was noted that "good planting quality was observed in unobstructed soils. However, rocks and roots in the mounds caused seedlings to be planted too high or not at all." 24 In concluding, Stjernberg comments that the Bracke planter will not replace manual methods and that the amount of screefing time will need to be reduced in order to improve productivity.
Manual Reforestation Costs
Current labour costs for seedling transplanting is difficult data to capture.
Reforestation contractors are guarded in the information they reveal about this fundamental cost of operations. Informal research methods, mostly consisting of internet searches of reforestation company sites and anecdotal reports from logging company silviculture coordinators, reveal that tree planting labour is paid on a piece (per seedling planted) rate.
These rates vary by slash loads, terrain, location and planting stock type. In all cases no BC piece rate was found below 14 cents per tree and on moderate, raw, cleared ground; a commonly referred to minimum is 15 cents. 25 From the information gathered, it can be assumed that 15 cents per tree labour costs are a reasonable minimum for planters under the raw cleared site conditions considered in this analysis. This can be expected to be the lowest practical piece rate normally paid. These are the primary labour costs incurred by manual planting contractors that would not be born by mechanized planting methods. 22 Stjemberg, "The Brlicke Planter", 4 23 The utilization factor in this costing was applied to the costs per scheduled machine hour ($/SMH) whereby resulting in a costs per productive machine hour ($/PMH) that is 73% of the $/SMH. However, with a 73% utilization factor (representing operational efficiency) the $/PMH would be larger than the $/SMH. 30 This "rule of thumb" productivity correlates well with the data from the scientific studies.
Seedling Quality Data and Growth Rates
In Stjernberg's productivity and quality analysis, along with the daily rates cited above, is recorded an average acceptable quality of96.9% with none ofthe data captured indicating results less than 95%. Planting quality achieved typically must be 95% or greater for the contractor to achieve full payment. Although a utilization factor can not be directly ascertained since the equipment is still under development by the company, the research done by Stjemberg with the Bracke as well as Cormier and Ryans with the Silva Nova planting machines indicate utilizations of 73% and 75% respectively. These machines were built in Sweden and tested in Canada. It is envisioned that in the case of transplanting equipment designed and manufactured in BC's Central Interior, higher machine utilization rates in the range of 85% will be attainable. This view is based on the advantage that is gained of having iterations of the design and prototype testing conducted locally by engineers using machine elements that have been proven in the region and operators who are familiar with the equipment, local conditions and supply chains. Ultimately the challenge of achieving an 85% or higher utilization factor will be that of the engineers and operators who develop the planting equipment within the company. In the cost analysis, newer equipment with low hours will be selected in order to improve reliability and further support the higher factor used in this economic analysis.
With the $/PMH known, the minimum labour cost per seedling planted manually can then be applied to determine the maximum required productivity of the automated equipment. This will result in an estimate of the planting rate of the machinery that is necessary to compete with manual methods in the Central Interior of BC. The equipment's arrangement will depend on the productivity needed, quality of planting required as well as the working conditions. The literature review and cost analysis conducted here will assist in validating this development. With a suggested configuration defined a limited analysis of machine motion will be conducted to assess the likelihood of reaching or exceeding the productivity targets.
In determining the ownership costs, a Caterpillar 320DL tracked excavator is selected as the prime mover as this machine is readily available and has a lifting capacity that is in the range of the company's preliminary estimates for the weight of the planting head.
Furthermore, large amounts of economic and operational data exist for the machine. This information is required to begin an ownership cost estimate. The purchasing cost of $140,000 is derived from data collected from asking prices at Pacific Rim Equipment of Penticton, BC using their on-line, used machinery trading website. 34 Low operating hours are preferred for the purchased equipment in order to improve the utilization factor and resale value after the suggested three years. FERIC uses a 20% resell value over this time period in Stjernberg's Bracke planter study, however this is considered overly pessimistic based on the data search. Similar used machines with the cumulative hours estimated for three years of operation added to the hours at purchase are typically selling for 70% of the purchase price. Table 1 also contains a similar ownership cost development applied to the company's planting head that will be mounted on the prime mover. The preliminary design work that is used to develop an estimated weight has also been applied to the give an estimated cost of 35 Point 2 Used Iron, http ://usediron .point2.com/Xhtml/Index. html , Equipment/P2/ExcavatorCrawler/CA TERPILLAR/ResultsByType.html?Model=%27% 7E320DL&SB 1 =Price+DESC&submit= View+S elected, (accessed April 18, 2009) manufacture of$125,000 when performed by sub-contractors. This manufacturing will involve machining, welding and assembly. The parts will be a mix of"offthe shelf' hydraulic equipment and fabricated components. The spectrum of manufacturing and service does not require the use of specialized equipment or highly skilled trades or technicians. For this reason a low but reasonable mark-up of 1.6 times is applied to cover the overhead for sub-contracted manufacturing, expenses and profit to arrive at an estimated selling price of $200,000. 36 The planting equipment is expected to have a total life of 10 years when used four months a year over the late spring and summer planting season. This four month season is supported by Stjemberg' s analysis of the Bracke planter. 37 A straight-line depreciation is applied with a 50% resale value after five years.
Operating costs are developed in 
ANALYSIS
The costs per SMH are the sum of the ownership and operating rates developed above. The 85% machine utilization factor is used to determine an estimate of the costs per PMH. These are presented in Table 3 for both the prime mover and planter. When the two are combined and the utilization factor applied, the $/PMH is $149.83/hr. This machine cost must compete with manual planting. From the research conducted, the minimum piece rates identified are $0.15 per seedling planted manually. Division of the $/PMH by the payment of 15 cents per tree give the productivity necessary to equal manual planting costs. This seedling planting rate is calculated to be 999 seedlings per hour. As manual planting piece rates increase from 15 cents for more ·difficult terrain, ground cover and soil conditions, the number of seedlings necessary for machine planting to remain competitive will drop. On more forgiving sites where 15 cent trees are the norm, the method of costing developed indicates that approximately 1000 seedlings per hour is the break-even point for mechanized planting operations.
Stjernberg commented in his 1985 research that a successful transplanting machine should have the ability to plant at least two rows at a time. Further tests conducted by Cormier and Ryans reveal that the Silva Nova planting machine could achieve approximately 1500 seedlings per hour when depositing two rows in the Quebec forests of the Amqui and Chibougamau regions. Stjernberg goes on to indicate that good mechanical site preparation is key to planting quality. In this regard spot planting is preferred to intermittent or continuous furrow methods to minimize the likelihood of encountering obstacles by reducing the machinery contact with the ground. The site preparation and spot planting operation are fundamental to the proposal by the company in using an articulating appendage (e.g. excavator stick). The planned machinery incorporates a horizontal cross boom planting apparatus at the end of an excavator stick that can be raised and lowered at the correct planting spatial pitch. It will incorporate three planting heads across the boom with the capability to manipulate the boom axis to find suitable spots in more difficult terrain. The planting heads would each have a disc spot trencher to prepare a micro-site and improve productivity and growth. The site selection would be eased by the ability of the discs to make a mound of mineral soil and mulched organic material in difficult ground cover and soil conditions. All three spot trenching operations would be carried out simultaneously followed by a planting function across the boom. These aspects of the machine's proposed configuration are significant as they aid in further analysis.
By attempting to achieve the productivity required using three heads, the number of translations of the machine and boom raising and lowering operations are reduced. With this array of planters and the ability to manipulate the cross boom over many locations and in many axes, the number of planting cycles of the boom that are necessary to achieve the break-even point is reduced to 333 per hour (or approximately one row ofthree, every 10.8 seconds). This productivity rate is based on moderate terrain commensurate with 15 cent manually planted seedlings.
A further analysis comprising of an experiential motion study of the excavator from a cycle start point where the boom is up and the machine is ready to move forward is contained in Table 4 . Seedlings are commonly placed in 8, 10 or 12 foot grid patterns where practical and this density is ultimately assessed on a per hectare basis. The analysis contained here is developed for an 8ft. grid pattern and contains minimum, probable and maximum timing estimates. In considering the machine's capability, the following has been proposed: This analysis is the simplest type for a machine with as complex a range of motions as an excavator. In this particular case, no rotation of the turret or extension of the stick/boom to plant additional rows while the machine is stationary is applied. Further motion analysis is possible incorporating other degrees of freedom of the excavator but this is considered beyond the scope of this paper. Table 4 provides an opportunity to develop estimations of productive timing elements for the proposed machinery. In Stjernberg's study of the Bracke planter, the operator was required to perform activities that were recorded as productive time but have not been accounted for in the results contained in Table 4 . These tasks were seedling magazine reloading, removal of stuck seedlings and clearing debris. The record shows non-planting productive time as comprising 15% ofthe PMH. In the company's machine design the loading of manual seedling magazines is proposed and working to clear stuck seedlings and debris should be considered inevitable. Table 5 shows an estimated reduction in productivity based on the necessity to clear debris under similar site conditions and the need to load and clear stuck seedlings due to similarities in machine design. The calculation is revealing, in that it defines an optimistic planting rate of the proposed From a qualitative viewpoint, the research has found that mechanical site preparation such as disc trenching promotes superior seedling growth. This preparation is currently being applied at sites with poor soil conditions. When followed by manual planting the improved micro-sites can better support the requirement for 95% seedling placement quality even with a mix of skilled and novice planters. In locations that are not mechanically prepared the skill of the planter becomes more important to achieving the productivity and quality. It is under these conditions where the labour costs begin to rise above the minimum 23 improve translation speeds and reduce the 7% loss in productive time that Stjemberg observed due to the need to clear debris. On poorer or steeper sites the company's proposed application of tracked equipment and site preparation using disc mounding soil techniques could help to improve mechanized productivity over manual methods. Under these conditions manual planting costs will increase.
It is difficult to argue that automated planting methods can produce a superiorly placed seedling over that achieved by a manual planter in light of the research on quality.
This is especially difficult to assert prior to the development of the company's planting mechanism. However, with the proper site preparation and simple robust engineering design it is not considered impossible. What is needed is equipment that is reliable and can operate cost effectively. This will provide entrepreneurs in the field a platform and the revenue on which to support research and development toward improving the design and operational efficiency. From a qualitative point of view, a well designed and cost effective planting machine will produce a consistent level of quality at a fairly stable cost; whereas with manual planting, the individual planter lacks the ability to do trenching and the costs quickly rise above 15 cent trees as the site and soil conditions degrade. This impact of conditions should not be as significant for automated methods. The proper planting quality will be a key driver in the economic viability of mechanization.
In using 15 cent trees as a benchmark for manual planted piece rates, the analysis derives a mechanized planting rate with a CAT 320DL tracked excavator and the company's proposed planting machine selling price (derived from preliminary designs) of 1 000 seedlings per hour based on $/PMH. When considering the most simple motion analysis for the excavator and including productivity reductions for non-planting activities, an optimistic estimate for the seedling planting rate is 7 65-1080 seedlings per hour. These results are promising. There are many ways from an engineering and operations standpoint that these optimistic numbers could become a standard productivity reality. The tracked excavator is considered appropriate for grades up to 33% where the costs of manual methods rise;
however its application on flatter terrain may not make full economic use of its capabilities.
On lower grades and better site conditions a less expensive pneumatic tired machine such as a drive-to-tree feller-buncher may be able to improve on forward translation speeds while still providing the comfort and acceleration that the tracks of a medium excavator lack.
Under appropriately flat and cleared site conditions the excavator's tracks and rigidity reduce In addition to improving the 7% losses in non planting productive time that Sternberg observed due to site clearing operations of the Bracke planter, further increases in efficiency could be realized by making the seedling reloading activity faster. In the research another 7% of the PMH was occupied by seedling magazine reloading. It is possible that Styrofoam pre-loaded seedling trays (or other insulating material) custom made for the company's machine could be delivered to the site instead of the waxed cardboard boxes presently used.
These formed pre-loaded magazines could be accessible to the operator for quick replacement of magazines. Reducing the "touch-time" for seedlings on-site or at least transferring this activity to lower cost labour off-site, could improve operational efficiency significantly. Rapid improvements in productivity can be realized by applying lean manufacturing methods to the design.
Although this paper does not take into account the financial aspects of machine and fuel delivery costs for automated reforestation, the research allows some conclusions to be drawn regarding these expenses as well as the overheads of manual reforestation contractors.
The removal of five planters from the seedling delivery truck increases the room available and load carrying capacity. This leaves open the opportunity for the equipment operator to install a "Tidy-Tank" for daily diesel fuel delivery to the work site. It is believed that savings in the removal of the requirements for remote planter overnight camps may compensate for the increased expense of machine delivery to the cut-block. However, further research and analysis would be needed to confirm this hypothesis.
To reiterate Stjemberg's findings in his review of tree planting machines: good site preparation is key to good planting quality; planting machines should be designed for prime movers that are in common use; the equipment should have the ability to plant at least two rows at a time; the safety and comfort of the operator must be considered; spot planting machines are preferable; and finally, the equipment be competitive with hand planting. The company is proposing to develop a machine that meets all these criteria. This paper clarifies the last aspect of the business success and continued development of mechanized tree planting machines.
The analysis presented here is for BC's Central Interior; however the demand for automated reforestation and afforestation is growing in the global marketplace. Further work could be performed using the models developed to assess the labour costs, quality and productivity of tree planting business in other parts of the world such as Australia and New Zealand. • O~ rr.o11t1 o!'ao is based 01 lte Mac rre ( J~ to • Nark z dii)'St'llcrnh 10 niday.
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